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Abstract The kinetics of the oxidation of ruthenium(III)-
catalyzed oxidation of pentoxifylline (PTX) by diperioda-
tocuprate(Ill) (DPC) in aqueous alkaline medium at a
constant ionic strength of 0.30 mol dm™ was studied
spectrophotometrically. The reaction between PTX and DPC
in alkaline medium in the presence of Ru(Ill) exhibits 1:2
stoichiometry (PTX:DPC). The reaction was of first order in
DPC, less than the unit order in [PTX] and [OH ] and neg-
ative fractional order in [IO,]. The order in [Ru(IIl)] was
unity. Intervention of free radicals was observed in the
reaction. The main products were identified by TLC and
spectral studies including LC-MS. The oxidation reaction in
alkaline medium has been shown to proceed via a Ru(IIl)-
PTX complex, which reacts with monoperiodatocuprate(II)
to decompose in a rate determining step followed by a fast
step to give the products. The reaction constants involved in
different steps of the mechanism were calculated. The acti-
vation parameters with respect to the slow step of the
mechanism were computed and discussed, and thermody-
namic quantities were also determined. The active species of
catalyst and oxidant have been identified.

Keywords Kinetics - Mechanism -
Diperiodatocuprate(III) - Pentoxifylline -
Ruthenium(III) catalysis

S. J. Malode - J. C. Abbar - S. T. Nandibewoor (D)

P.G. Department of Studies in Chemistry, Karnatak University,
Dharwad 580 003, India

e-mail: stnandibewoor@yahoo.com

Introduction

In recent years, diperiodatocuprate(Ill) (DPC) has been
used as an oxidant in alkaline medium [1]. The oxidation
studies of DPC are scanty in view of its limited solubility
and stability in aqueous medium. Its use as an analytical
reagent is now well recognized [2]. The copper(Ill) per-
iodate complex exhibits different multiple equilibria
involving different copper(Ill) species in aqueous alkaline
medium. It is interesting to know which of the copper(Ill)
species is the active oxidant.

Pentoxifylline (3,7-dihydro-3,7-dimethyl-1-(5-oxohexyl)-
purine-2,6-dione, PTX), a trisubstituted purine and xanthine
derivative, is a hemorheolgic agent used for the treatment of
peripheral arterial disease [3] and intermittent claudication.
PTX improves blood flow through the peripheral circulation
by decreasing blood viscosity, inhibiting platelet aggregation,
enhancing erythrocyte flexibility, and diminishing fibrinogen
concentration [4]. The drug is gaining acceptance for con-
servative treatment of Peyronie’s disease and neuropathic
injuries. It also helps to prevent strokes, manage sickle cell
disease, improve blood flow to the brain, improve effects of
diabetes, or treat nausea and headaches in high places (high-
altitude sickness). It has been shown to reduce mortality in
acute alcoholic and non-alcoholic steatohepatitis, presumably
through its ability to inhibit TNF-alpha. Its anti-TNF prop-
erties indicate its potential for the treatment of ALD,
alcoholic liver disease. A study demonstrated the possible use
of pentoxifylline administered in conjunction with vitamin E
for reducing the extent of fibrotic lesions induced by radiation
therapy for breast cancer [5].

Transition metals are known to catalyze many oxida-
tion-reduction reactions since they involve multiple
oxidation states. In recent years the use of transition metal
ions, such as ruthenium, osmium, palladium, manganese,

@ Springer



470

S. J. Malode et al.

chromium, and iridium, either alone or as binary mixtures,
as catalysts in various redox processes have attracted
considerable interest [6]. Ru(Ill) acts as a catalyst in the
oxidation of many organic and inorganic substrates [7, 8].
The catalyzed mechanism can be quite complicated
because of the formation of different intermediate com-
plexes and different oxidation states of ruthenium(III).
Although the mechanism of catalysis depends on the nature
of the substrate, oxidant, and experimental conditions, it
has been shown [9] that metal ions act as catalysts by one
of these different paths, such as the formation of complexes
with reactant or oxidation of the substrate itself, or through
the formation of free radicals.

A literature survey revealed that there are no reports on
ruthenium(IIl)-catalyzed oxidation of PTX by DPC in
alkaline medium. We have observed that micro amounts of
ruthenium catalyze the oxidation of PTX by DPC in
alkaline medium. In earlier reports [10] of DPC oxidation,
both periodate and alkali had a retarding effect in most of
the reactions. However, in the present study we made
entirely different kinetic observations. In view of the
medicinal value and potential pharmaceutical importance
of PTX, it is important to understand the active species of
oxidants and catalysts to compute the activity of the cata-
lyst and to propose the appropriate mechanism. Hence, the
title reaction is investigated in detail. An understanding of
the mechanism allows the chemistry to be interpreted,
understood, and predicted.

Results and discussion
Reaction orders

As the diperiodatocuprate(III) oxidation of pentoxifylline in
alkaline medium proceeds with a measurable rate in the
absence of ruthenium(IIl), the catalyzed reaction is under-
stood to occur in parallel paths with contributions from both
the catalyzed and uncatalyzed paths. Thus, the total rate
constant (k) is equal to the sum of the rate constants of the
catalyzed (kc) and uncatalyzed (ky) reactions, so kc = kt —
ky. Hence the reaction orders have been determined from the
slopes of 1g k¢ versus lg(concentration) plots by varying the
concentrations of PTX, OH™, 104, and Ru(IIl), while in
turn keeping the others constant. The uncatalyzed reaction
was followed under the conditions [PTX] = 2.0 x 1073,
[DPC] = 5.0 x 107 [OH ] = 0.20; / = 0.30 mol dm™>.
The rate constants of uncatalyzed reaction (kyy) and catalyzed
reaction (kc) were obtained by the plot of 1g(absorbance)
versus time by following the progress of the reaction spec-
trophotometrically at 415 nm.
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Effect of [diperiodatocuprate(Ill)]

The DPC concentration was varied in the range of
1.0 x 107°-1.0 x 10~* mol dm™>. The linearity of the
plots of lg(absorbance) versus time up to 85% completion
of the reaction indicates a reaction order of unity in (DPC).
This is also confirmed by varying [DPC], which did not
result in any change in the pseudo first-order rate constants
kc (Table 1).

Effect of [pentoxifylline]

The pentoxifylline concentration was varied in the range of
6.0 x 107*-6.0 x 10~ mol dm™ at constant concentra-
tions of DPC, OH™, 104, and at a constant ionic strength
of 0.30 mol dm™> in the presence of Ru(IIl) catalyst at
298 K. The k¢ values increased with the increase in con-
centration of pentoxifylline, indicating an apparent less
than unit order dependence on [PTX] (r > 0.9978,
S < 0.027; Table 1) under the concentrations of the
experiment done. This is also confirmed in the plot of k¢
versus [PTX]0'79, which is linear rather than the direct plot
of k¢ versus [PTX] (Fig. 1).

Effect of [alkali]

The effect of increase in concentration of alkali on the
reaction was studied in the range of 0.03-0.30 mol dm > at
constant concentrations of DPC, PTX, 10,~, and at a
constant ionic strength of 0.30 mol dm ™ in the presence of
the Ru(IIl) catalyst at 298 K. The rate constants increased
with increasing [alkali] (Table 1), indicating apparent less
than unit order dependence of the rate on alkali concen-
tration, i.e., 0.67 (r > 0.9936, S < 0.007). This less than
unit order is also confirmed by the plot of k- versus
[OH1%%, which is linear rather than the direct plot of k¢
versus [OH™] (Fig. 2).

Effect of [periodate]

The effect of an increase in concentration of periodate on the
reaction was studied in the range of 5.0 x 107°-5.0 x 1077
mol dm™> at constant concentrations of DPC, PTX, OH™,
and at a constant ionic strength of 0.30 mol dm™> in the
presence of the Ru(III) catalyst at 298 K. It was found that
the added periodate had a retarding effect on the rate of
reaction. The order with respect to periodate concentration
was a negative fractional order, i.e., —0.76 (r > 0.9981,
S < 0.004; Table 1).



Mechanistic investigations of ruthenium(III) catalyzed oxidation of pentoxifylline 471

Table 1 Effect of variation of [DPC], [PTX], [OH"], [IO4 ], and [Ru(Ill)] on the ruthenium(Ill) catalyzed oxidation of pentoxifylline by
diperiodatocuprate(IIl) in aqueous alkaline medium at 298 K and / = 0.30 mol dm™>

10° [DPC] 10° [PTX] 10' [OH™] 10° [10,7] 10° [Ru(IID)] 10? kp 10° ky 10 ke (s7h
(mol dm™3) (mol dm™3) (mol dm™3) (mol dm™3) (mol dm ™) ) )
Found Calculated
1.0 2.0 2.0 1.0 5.0 1.05 1.70 0.88 0.90
3.0 2.0 2.0 1.0 5.0 1.04 1.85 0.86 0.90
5.0 2.0 2.0 1.0 5.0 1.06 1.93 0.87 0.90
8.0 2.0 2.0 1.0 5.0 1.05 1.60 0.89 0.90
10.0 2.0 2.0 1.0 5.0 1.00 1.42 0.86 0.90
5.0 0.6 2.0 1.0 5.0 0.36 0.63 0.29 0.30
5.0 1.0 2.0 1.0 5.0 0.57 0.98 0.47 0.50
5.0 2.0 2.0 1.0 5.0 1.06 1.93 0.87 0.90
5.0 4.0 2.0 1.0 5.0 1.74 3.10 1.43 1.50
5.0 6.0 2.0 1.0 5.0 228 429 1.85 1.93
5.0 2.0 0.3 1.0 5.0 0.27 0.46 0.23 0.23
5.0 2.0 0.6 1.0 5.0 0.51 0.85 0.42 0.41
5.0 2.0 1.0 1.0 5.0 0.71 121 0.59 0.59
5.0 2.0 2.0 1.0 5.0 1.06 1.93 0.87 0.90
5.0 2.0 3.0 1.0 5.0 1.34 241 1.09 1.09
5.0 2.0 2.0 0.5 5.0 1.63 3.00 133 1.35
5.0 2.0 2.0 0.8 5.0 1.25 228 1.02 1.04
5.0 2.0 2.0 1.0 5.0 1.06 1.93 0.87 0.90
5.0 2.0 2.0 3.0 5.0 0.44 0.85 0.36 0.39
5.0 2.0 2.0 5.0 5.0 0.29 0.54 0.24 0.25
5.0 2.0 2.0 1.0 2.0 0.58 1.93 0.39 0.36
5.0 2.0 2.0 1.0 5.0 1.06 1.93 0.87 0.90
5.0 2.0 2.0 1.0 8.0 1.68 1.93 1.49 1.45
5.0 2.0 2.0 1.0 10.0 2.01 1.93 1.82 1.81
5.0 2.0 2.0 1.0 20.0 3.69 1.93 3.49 3.62
10? [PTX]*" / mol dm” 10 [OH 1"/ mol dm™
9.0 6.0 3.0 0.0 5.0 4.0 3.0 2.0 1.0 0.0
2.4 f f 0.0 1.2 . . . . 0.0
- 0.3
_ 1.6 1 0.8 B
Ni < < 06 2
S NE = =
0.8 16 - =
0.9
0.0 T T T 2.4 0.0 ; ; ; ; 1.2
0.0 1.0 2.0 3.0 4.0 0.0 1.0 20 3.0 4.0 5.0
10° [PTX] / mol dm™ 10 [OH]/ mol dm™

Fig. 1 Plot of k¢ versus [PTX]°7° and kc versus [PTX] (conditions as Fig. 2 Plot of k¢ versus [OH™1%%7 and k¢ versus [OH™] (conditions
in Table 1) as in Table 1)
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Fig. 3 Unit order plot of kc versus [Ru(IIl)]

Effect of [Ru(1ll)]

The ruthenium(IIl) concentration was varied from 2.0 x
107 t0 2.0 x 107> mol dm > range, at constant concen-
trations of DPC, PTX, OH™, 10, , and a constant ionic
strength. The order in [Ru(III)] was found to be unity from
the linearity of the plot of k¢ versus [Ru(II)] (r > 0.9994,
S < 0.019; Table 1; Fig. 3).

Effect of ionic strength (I) and dielectric constant
of the medium (D)

By addition of KNOj at constant [DPC], [PTX], [Ru(III)],
[OH™], and [10,4], it was found that an increase in ionic
strength had a negligible effect on the rate of reaction.

The dielectric constant of the medium, D, was studied
by varying the #-butyl alcohol and water percentage. The
decrease in the dielectric constant of the reaction medium
had a negligible effect on the rate of the reaction.

Effect of initially added products

Initially added products, copper(Il) (CuSQO4) and 3,7-
dihydro-1-(4-hydroxybutyl)-3,7-dimethylpurine-2,6-dione,
did not have any significant effect on the rate of reaction.

Thus, from the observed experimental results, the rate
law for Ru(Ill) catalyzed reaction is given as:

Rate = kC [DPC] 1.0 [PTX]0.79 [OH—}0467 [IOZ] —0.76 [

Ru(1I1)]"°
Effect of temperature (T)
The influence of temperature on the k- values was studied

at 288, 298, 308, and 318 K. The rate constant, k, of the
slow step in the mechanism was obtained from the
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Table 2 Activation parameters with respect to the slow step of
Scheme 1 and thermodynamic quantities for the ruthenium(IlI)-cat-
alyzed oxidation of pentoxifylline by diperiodatocuprate(Ill) in
aqueous alkaline medium

107 k
(dm3 mol ™! s’l)

T (K)

(a) Effect of temperature

288 0.52

298 0.90

308 1.91

318 3.74
Parameters Values

(b) Activation parameters (Scheme 1)

E, (kJ mol™!) 50.8 + 2.4
AH* (kJ mol™") 483 +£22
AS* JK™! mol™") —7.0+0.8
AG* (k] mol™h) 504 + 4.2
g A 128 £ 0.5
T (K) K, 10° K, 1072 K;
(dm> mol™h) (mol dm™3) (dm® mol™h)

(c) Effect of temperature to calculate K, K5, and K3 for the Ru(IIl)
catalyzed oxidation of pentoxifylline by diperiodatocuprate(IIl) in
alkaline medium

288 0.39 2.18 8.25

298 1.29 1.05 7.02

308 2.50 0.69 6.05

318 6.15 0.50 5.46
Thermodynamic Values Values Values
quantities from K; from K, from K3
(d) Thermodynamic quantities using K;, K5, and K3

AH (k] mol™h) 68 + 3 —37+2 —10.6 £ 1.3

AS JK~! mol™h) 230 + 20 —220 + 18 1942

AGaos (kI mol™")  —0.64 + 0.04 284 +£08 —162+0.6
[DPC] = 5.0 x 1072, [PTX] = 2.0 x 1073, [OH] = 0.20,

[1047] = 1.0 x 107>, [Ru(Ill)] = 5.0 x 107°, I = 0.30 mol dm™>

intercept of [Ru(Ill)]/kc versus 1/[PTX] plots at four dif-
ferent temperatures. The values are given in Table 2. The
activation parameters for the rate-determining step were
obtained by the least square method of plot of 1g k versus
1/T and are presented in Table 2.

Test for free radicals

The intervention of free radicals was examined as follows:
the reaction mixture, to which a known quantity of acry-
lonitrile monomer had been added initially, was kept in an
inert atmosphere for 2 h. On diluting the reaction mixture
with methanol, a white precipitate was formed, indicating
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the intervention of free radicals in the reaction. The blank
experiments of either DPC or PTX alone with acrylonitrile
did not induce any polymerization under the same condi-
tions as those induced for the reaction mixture. Initially
added acrylonitrile decreased the rate of reaction, indicat-
ing free radical intervention, as was the case in earlier work
[11].

It was also examined using an electron spin resonance
spectrophotometer whose spectrum showed a peak at
3,325.000 G with a g-value of 2.0023 indicating the
intervention of free radicals [12].

Catalytic activity

It has been pointed out by Moelwyn-Hughes [13] that in
the presence of the catalyst, the uncatalyzed and catalyzed
reactions proceed simultaneously, so that

kr = ky + Kc [Catalyst]* (1)

Here kt is the observed pseudo first-order rate constant in
the presence of Ru(IIl) catalyst; ky is the pseudo first-order
rate constant for the uncatalyzed reaction; K¢ is the
catalytic constant, and ‘x’ is the order of the reaction with
respect to [Ru(IIl)]. In the present investigation, the value
of x for the standard run was found to be 1.0. Then the
value of K can be calculated using the equation
kr — ky kc

Kc = = here kr — ky =k
[Catalyst]*  [Catalyst]* (where kr —ku = kc)

(2)

The values of Kc x 107 were obtained as 0.89, 1.74,
3.69, and 7.59 at 288, 298, 308, and 318 K, respectively.
Further, plot of Ig K¢ versus 1/T was linear, and the values
of energy of activation and other activation parameters
with reference to the catalyst were computed as E, =
54.4 £ 2.1 kJ mol™', AH* = 51.9 & 0.4 kJ mol™ ', AS* =
—85+£08JK '"mol”', AG*=84.7 £ 4.2 kI mol” ',
lg A =128 £0.3.

The water-soluble copper(IIl) periodate complex is
reported [14] to be [Cu(HIO(,)z(OH)z]7_. However, in an
aqueous alkaline medium and at the high pH range employed
in the study, periodate is unlikely to exist as HIOg"~ (as
present in the complex) as is evident from its involvement in
the multiple equilibria [15] (3)—(5), depending on the pH of
the solution.

HsI0 = H410; + H' (3)
H 10, = H;10;” + H' (4)
H;10} = H,10; + HY (5)

Periodic acid exists as HsIOg in acid medium and as
H4IO¢™ near pH 7. Hence, under alkaline conditions as

employed in this study, the main species are expected to be
H310627 and H210637. Thus, at the pH employed in this
study, the soluble copper (III) periodate complex might be
[Cu(OH)z(H3106)2]3 ~, a conclusion also supported by
earlier work [16, 17].

Ruthenium(IIl) chloride acts as an efficient catalyst in
many redox reactions, particularly in an alkaline medium
[18]. It is interesting to identify the probable ruthenium(III)
chloride species in alkaline media. In the present study it is
quite probable that the [Ru(Hzo)SOH]2+ species might
assume the general form [Ru(III)(OH)X]%X. The x value
would always be less than six because there are no definite
reports of any hexahydroxy ruthenium species. The
remainder of the coordination sphere would be filled by
water molecules. Hence, under the conditions employed,
e.g., [OH"] > [Ru(ID)], ruthenium(IIl) is mostly present
as the hydroxylated species, [Ru(HZO)soH]2+. Similar
equilibria have been reported between Ru(Ill) catalyzed
oxidation of several other substrates with various oxidants
in alkaline medium [19].

The reaction between the Ru(Ill) catalyzed oxidation of
pentoxifylline by diperiodatocuprate(Ill) complex in alka-
line medium has the stoichiometry 1:2 (PTX:DPC) with a
first order dependence on [DPC] and [Ru(IIl)], and an
apparent order of less than unity in [substrate], [alkali], and
negative fractional order dependence on [periodate]. No
effect of added products was observed. Based on the
experimental results, a mechanism is proposed for which
all the observed orders in each constituent such as [cata-
lyst], [oxidant], [reductant], [OH™], and [IO, ] may be
well accommodated.

In most of the reports [10] on DPC oxidation, both perio-
date and OH™ had a decreasing effect on the rate of the
reaction. However in the present kinetic study, different
kinetic results have been obtained. In this study OH™
increased and periodate retarded the rate of the reaction. The
results of an increase in the rate of reaction with increase in
alkalinity (Table 1)can be explained in terms of the prevailing
equilibrium of formation of [Cu(H,I06)(H5I06)]>~ from
[Cu(H5106),] " as given in the following Eq. (6).
[Cu(H3105),] + OH™ = [Cu(H,105),(H3106)]* + Hy0

(6)

Also the decrease in rate with an increase in [H3IO627]
(Table 1) suggests that the displacement of a ligand
periodate takes place to give free periodate and the
equilibrium of copper(IIl) periodate complex to form

monoperiodatocuptrate(Ill) (MPC) species as given in Eq.
(7) is established.

[Cu(HZIOé) (HgIOG)]2_+2H20 g [Cu(Hzloé) (HQO)Z] B
+ H310%~ (7)
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Such types of equilibria as (6) and (7) have been well
noticed in literature [19]. It may be expected that a lower
periodate complex such as monoperiodatocuprate(IIl)
(MPC) is more important in the reaction than the DPC.
The inverse fractional order in [H3104> "] might also be for
this reason. Therefore, MPC might be the main reactive
form of the oxidant.

The less than unit order in [PTX] presumably results
from the formation of a complex (C) between the ruthe-
nium(II) species and PTX prior to the formation of the
products. This complex (C) reacts with one mole of MPC in
a slow step to give the intermediate species of free radical
derived from PTX, Cu(II) with the regeneration of catalyst,
Ru(II). This free radical species further reacts with one
more molecule of MPC in a fast step to form the products
such as 3,7-dihydro-1-(4-hydroxybutyl)-3,7-dimethylpu-
rine-2,6-dione, Cu(Il), and periodate as given in Scheme 1.

Scheme 1

Since Scheme 1 is in accordance with the generally well
accepted principle of non-complementary oxidations taking
place in sequence of one-electron steps, the reaction between
the substrate and oxidant would afford a radical intermediate.
A free radical scavenging experiment revealed such a pos-
sibility. This type of radical intermediate has also been
observed in earlier work [10]. Spectroscopic evidence for the
complex formation between Ru(Ill) and PTX was obtained
from UV-Vis spectra of PTX (2.0 x 107%), Ru(llD)
(5.0 x 107°, [OH] = 0.20 mol dm ™) and a mixture of
both. A bathochromic shift of about 4 nm from 271 to
275 nm in the spectra of PTX to the mixture of Ru(Ill) and
PTX was observed (Fig. 4). However, the Michaelis-Menten
plot also proved the complex formation between catalyst and
reductant, which explains the less than unit order dependence
on [PTX]. Such a type of complex between a substrate and a
catalyst has been observed in other studies [21].

K,

[Cu(H5lOg),] + OH ‘:‘1 [Cu(H,l04)(HslO)] + H,0

K,

[CU(H,l04)(HglOg)1> + 2H,0 ———— [CU(H,106)(H;0),] + HylOg*

)JVV\)J\/W Ks

O

Complex(C) + [Cu(HZIOS)(Hzo)z]k—>
slow

/\/\ )H/ fast HO\/\/\
T+[CuH|o )(H,0),] ————> ﬁ
/

|
CH,
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+ [Ru(H,0),OHJ]2* —————— Complex(C)

I

CH,
o CH,
. | {
SN /‘\/N
CH, N M. H,IOg>
o~ ~N—/N
N
o
CH,

+ CH,COO" + [Ru(H,0);O0HJ?* + Cu(ll) + 2H* + H,0O

NfN
\
CH,
+ Cu(ll) + HylOg% + H* + H,O

fast
3H* + 30H——— > 3H,0
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Fig. 4 Spectroscopic evidence for the complex formation between
Ru(IIl) and PTX. a UV-Vis spectra of Ru(Ill) (372 nm); b UV-Vis
spectra of a mixture of Ru(IlI) and PTX (275 nm and 372 nm); ¢ UV-
Vis spectra of PTX (271 nm)

From Scheme 1, the rate law (8) can be derived as

_ —d[DPC]

Rat
ate a

kK, K2 K3[DPC][PTX][OH ] [Ru(III)]
[H310%7] + K [OH | [H310%"] + K1 K> [OH | + K K>K3[OH | [PTX]

(3)

Rate
[DPC]

=kc = kr — ky
kK K>K3[PTX][OH™][Ru(III)]
[H310Z7] + K{[OH | [H310¢ 7| + K1 K> [OH | + K K>K3[OH | [PTX]
9)
The rate law (9) can be rearranged into the following
form suitable for verification:

[Ru()]  [H3107] [H3105”
ke kK| KK3JOH |[PTX]  kK,K;3[PTX]
1 I
e [PTX] X (10)

The plots of [Ru(Ill)]/kc versus 1/[PTX], [Ru(Ill)]/kc
versus 1/[OH™], and [Ru(IIl)])/kc versus [H310627] should
be linear and were found to be so (Fig.5). From the
intercepts and slopes of such plots, the reaction constants
K,, K,, K3, and k were calculated as (1.3 = 0.02)
dm’ mol™" (1.1 £ 0.04) x 107> mol dm™ (7.0 £ 0.2) x
10> dm® mol ™', and (9.04 £ 0.30) x 10° dm’ mol™"' 57",
respectively. The values of K; and K, are in good
agreement with previously reported work [20]. The
equilibrium constant K; is far greater than K,. This may
be attributed to the greater tendency of DPC to undergo
hydrolysis compared to the dissociation of hydrolyzed
species in alkaline medium. These constants were used to
calculate the rate constants over different experimental
conditions, and when compared with the experimental kc

4.0

10° [Ru(IID)] /k ¢ / mol dmi” s

0.0 T T
0.0 0.6 1.2 1.8

10° [PTX]"/ dm’ mol

10° [Ru(IID)] /k ¢ / mol dmi’ s

0.0 T T T
0.0 0.7 1.4 2.1 2.8 3.5

10 [OHT" / dm® mol™

6.0

10° [Ru(IID)] /k ¢ / mol dm’ s

0.0

0.0 2‘.0 4.0 6.0
10° [H3106> ] / mol dm”

Fig. 5 Verification of rate law (9) for the Ru(IlI)-catalyzed oxidation
of pentoxifylline by diperiodatocuprate(Ill). Plots of a [Ru(Ill)]/kc
versus 1/[PTX], b [Ru(Ill)]/kc versus 1/[OH7], and ¢ [Ru(Ill)]/kc
versus [H3IO6>"1, at four different temperatures (conditions as given
in Table 1)
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values, they are found to be in reasonable agreement with
each other, which fortifies Scheme 1.

The effect of ionic strength and dielectric constant of the
medium on the rate explains quantitatively the reaction
between the neutral and positively charged ions, as seen in
Scheme 1. The thermodynamic quantities for the different
equilibrium steps in Scheme 1 can be evaluated as follows.
The [PTX], [OH ], and [H31062_] (Table 1) were varied at
four different temperatures. The plots of [Ru(II)]/kc versus
1/[PTX] (r > 0.9999, S < 0.00131), [Ru(Ill)]/kc versus
1/[OH™] (r = 0.9992, § < 0.00097), and [Ru(IIl)J/kc ver-
sus [H310627] (r = 0.9993, S < 0.00131) should be linear
and were found to be so, as shown in Fig. 5. From the
slopes and intercepts, the values of K;, K,, and K3 were
calculated at four different temperatures. A van’t Hoff’s
plot was made for the variation of K;, K,, K3 with tem-
perature (i.e., 1g K, versus 1/T, 1g K, versus 1/T, and Ig K3
versus 1/7). The values of the enthalpy of reaction AH,
entropy of reaction AS, and free energy of reaction
AG were calculated for the first, second, and third equi-
librium steps. These values are also given in Table 2. A
comparison of the AH value (68 + 2) from K; with that of
AH* (48.3 £ 2.0) of the rate limiting step supports that the
first step of Scheme 1 is fairly slow since it involves a high
activation energy [22].

The values of AH* and AS* were both favorable for
electron transfer processes. The favorable enthalpy was due
to the release of energy on solution changes in the transi-
tion state. The negative value of AS* suggests that the
intermediate complex is more ordered than the reactants
[23]. The observed modest enthalpy of activation and a
higher rate constant for the slow step indicate that the
oxidation presumably occurs via an inner-sphere mecha-
nism. This conclusion is supported by earlier observations
[24, 25]. The activation parameters evaluated for the
reaction explain the catalytic effect on the reaction. The
catalyst Ru(II) forms the complex (C) with the substrate,
which enhances the reducing property of the substrate
compared to that without the Ru(IIl) catalyst. Further, the
Ru(III) catalyst modifies the reaction path by lowering the
energy of activation.

Conclusion

The Ru(IIl) catalyzed oxidation of pentoxifylline by dipe-
riodatocuprate(III) was studied. Oxidation products were
identified. Among various species of Cu(Ill) in alkaline
medium, monoperiodatocuprate(Ill), Cu(H,104)(H,0),, is
considered to be the active species for the title reaction. The
active species of Ru(Ill) is found to be [Ru(H,0)sOH]**.

@ Springer

Activation parameters were evaluated. Catalytic constant
and activation parameters with reference to the catalyst were
also computed.

Experimental
Materials and reagents

All chemicals used were of reagent grade, and double
distilled water was used throughout the work. Stock solu-
tion of PTX (Sigma-Aldrich, St. Louis, MO) was prepared
by dissolving the appropriate amount of sample in double-
distilled water. The required concentration of PTX was
used from its aqueous stock solution. A standard stock
solution of Ru(Ill) was prepared by dissolving RuCl;
(S.D. Fine-chem Ltd., Mumbai, India) in 0.20 mol dm™3
HCI. The concentration was determined [26] by EDTA
titration.

The copper(Ill) periodate complex was prepared [27]
and standardized by a standard procedure [28]. The UV-
Vis spectrum with maximum absorption at 415 nm veri-
fied the existence of copper(Ill) complex. Periodate
solution was prepared by weighing the required amount
of sample in hot water and used after 24 h to complete the
equilibrium. Its concentration was ascertained iodomet-
rically [29] at neutral pH maintained using phosphate
buffer. KOH (BDH) and KNO;5; (AR) were employed to
maintain the required alkalinity and ionic strength,
respectively. The temperature was maintained constant to
within £0.1 °C.

Instruments used

For kinetic measurements, a Peltier Accessory (temperature
control) attached to a Varian CARY 50 Bio UV-Vis spec-
trophotometer (Varian, Victoria-3170, Australia) was used.
For product analysis, a Nicolet 410-FT-IR spectrometer
(Thermo, USA), a 300-MHz 'H NMR spectrometer
(Bruker, Germany), and a LC-MS Agilent 1100 series-API
2000 mass spectrometer using the EI ionization technique
were used. For intervention of free radicals, an ESR spec-
trophotometer (Bruker BioSpin GmbH) was used. For
pH measurements an ELICO pH meter model LI 120 was
used.

Kinetic measurements
The kinetics were followed under pseudo first-order con-

ditions where [PTX] > [DPC] at 25.0 = 0.1 °C, unless
otherwise specified. The reaction was initiated by mixing
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the DPC to PTX solution, which also contained required
concentrations of Ru(Ill), KNOs;, KOH, and KIO,. The
progress of the reaction was followed spectrophotometri-
cally at 415 nm by monitoring the decrease in absorbance
due to DPC with the molar absorbancy index & at
6,235 £ 100 dm® mol~! ecm™! (literature ¢ = 6,230 [27]).
It was verified that there is negligible interference from
other species present in the reaction mixture at this wave-
length. The pseudo-first order rate constants, kt, were
determined from the Ig(absorbance) versus time plots. The
plots were linear up to 85% completion of the reaction
under the range of [OH ] used.

During the kinetics a constant concentration of
1.0 x 107> mol dm > of KIO4 was used throughout the
study unless otherwise stated. Since the excess of perio-
date is present in DPC, the possibility of oxidation of
pentoxifylline by periodate in alkaline medium at 298 K
was tested. The progress of the reaction was followed
iodometrically. However, it was found that there was no
significant reaction under the experimental conditions
employed compared to the DPC oxidation of PTX. The
total concentrations of periodate and OH™ were calcu-
lated by considering the amount present in the DPC
solution and that additionally added. Kinetics runs were

0.5 4
0.4
0.3
0.2

Absorbance

0.1-

0-0 T T I T 1
300 350 400 450 500 550

Wavelength / nm

Fig. 6 Spectroscopic changes occurring in the oxidation of PTX by
alkaline DPC at 298 K, [DPC] = 5.0 x 107>, [PTX] = 2.0 x 1077,
[OH™] = 0.20, [I047] = 1.0 x 107>, [Ru(ll)] = 5.0 x 107°, and
I = 0.30 mol dm™> with scanning time of (1) 0.5, (2) 1.0, (3) 1.5, (4)
2.0, (5) 2.5, and (6) 3.0 min

Scheme 2

W&w

also carried out in N, atmosphere in order to understand
the effect of dissolved oxygen on the rate of reaction. No
significant difference in the results was obtained under a
N, atmosphere and in the presence of air. In view of the
ubiquitous contamination of carbonate in the basic med-
ium, the effect of carbonate was also studied. Added
carbonate had no effect on the reaction rates. The spectral
changes during the reaction are shown in Fig. 6. It is
evident from the figure that the concentration of DPC
decreases at 415 nm.

Stoichiometry and product analysis

Different sets of reaction mixtures containing varying
ratios of DPC to PTX in the presence of constant
amounts of OH™, 10,7, KNO;, and Ru(IIl) were kept
for 6 h in a closed vessel under inert atmosphere. The
remaining DPC concentration was estimated by mea-
suring the absorbance at 415 nm spectrophotometrically.
The results indicated 1:2 stoichiometry as given in
Scheme 2.

The main reaction product was eluted with chloroform
and was identified as 3,7-dihydro-1-(4-hydroxybutyl)-3,7-
dimethylpurine-2,6-dione. The product was characterized
by FT-IR, '"H NMR, and LC-MS studies.

The IR spectrum showed the absence of aliphatic C=0O
stretching at 1,719 cm ™!, which was shown for the parent
molecule, the band at 3,431 cm™! indicating the presence
of an alcoholic OH group. The product was also charac-
terized by an NMR spectrum (CDCl;) showing a peak at a
chemical shift of 6 = 1.82 ppm (s, 1H), which disap-
peared on D,O exchange. Further, the product was
subjected to LC-MS analysis. The mass spectrum (Fig. 7)
showed a molecular ion peak (M+1) at m/z = 253.1,
confirming the formation of product. Sodium acetate
was confirmed by a spot test [30]. It was observed that
3,7-dihydro-1-(4-hydroxybutyl)-3,7-dimethylpurine-2,6-
dione did not undergo further oxidation under the present
kinetic conditions.

Regression analysis of experimental data to obtain the
regression coefficient r and standard deviation S of point

HO__
Ru(lll) W

+2[Cu(H,10g)(H,0),] + 30H " 5

_N—/N

\
CH,

|
CH,
CH,COO- + 2Cu(ll) + 2H,l0% + 5H,0
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from the regression line was performed using the Microsoft K K>[OH ]
Excel 2003 program. [DPC];= [DPCJ; |1 + K;[OH] +W
316

Appendix

According to Scheme 1,

Rate = —diDPq] _ k[C] [Cu(H,106)(H,0), ]
_ kK, K>K3[DPC][PTX][OH" ] [Ru(III)]

[H31077]

(11)
The total concentration of DPC, [DPC]r, is given by
(subscripts T and f stand for total and free, respectively)
[DPC], = [DPCJ;+[Cu(H,106)(H3104)]*~
+ [Cu(H,106) (H,0),|
[DPC];= [DPCJ;+K;[OH"|[DPC]
K> [Cu(H,104) (H3106)]*~
[H:10 ]
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IDPC (o105 |

[DPC= [H3102 | + K [OH | [H310Z | + K, K,[OH ]
(12)
Similarly,
[Ru(IIl)] = [Ru(II);+[C]
= [Ru(II)]+K3[PTX] [Ru(II)]
[Ru(II)),= % (13)
S [PTX];

1+ K3[Ru(II)]

In view of the low concentrations of Ru(III) used, we have

[PTX};= [PTX]; (14)
Similarly,
[OH"|= [OH"]; (15)
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Substituting Eqgs. (12), (13), (14), and (15) in Eq. (11)
and omitting the T and f subscripts, we get
_ —d[DPC]

Rat
ate a

_ kKK, K;[DPC][PTX][OH | [Ru(III)]
 [H3107 7] + K [OH ] [H3102 ] + K Ko [OH ] + K K> K3 [OH | [PTX]

+ K3 [H3107 | [PTX] + K, K> [PTX][OH ] [H3107 |

The terms (K3[Hs3IO6> J[PTX]) and (K,K;[PTX]
[OH_][H31062_]) of the denominator are neglected in
view of their lower values as compared to the periodate
used in the study. Therefore,

_ —d[DPC]

Rat
ate a

kKK, K3[DPC][PTX][OH][Ru(TII)]
[H3107 ™| + K{[OH ] [H310Z"| + K1K2[OH ] + K K,K3[OH ] [PTX]

(16)
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